Introduction

T
HE TERM CELLULAR SENESCENCE is used to describe a sequence of changes in cell metabolism leading to irreversible growth arrest, accompanied by a distinctive set of cell phenotype traits. Normal human cells undergo growth arrest called replicative senescence when telomeres length is reduced below critical range (1) . Process of neoplastic transformation involves a series of mutations that allow cells to bypass senescence and to acquire an unlimited proliferative potential. Nevertheless, there is growing evidence that tumor cells still have an ability to enter irreversible growth arrest after being exposed to stress stimuli like DNA-damaging chemotherapeutic agents, transforming growth factor (TGF)-␤, retinoids, HDAC inhibitors, etc. (2) (3) (4) (5) . Terminally arrested cancer cell can remain metabolically active for a long period of time (more than several weeks in vitro) and show characteristic changes in morphology resembling replicative senescence in normal human cells (2) . Recently published data support the hypothesis that senescence-like terminal growth arrest may be one of the modes of cell death after IR in a number of stromal and epithelial tumors. Watanabe et al. (6) demonstrated using a panel of solid cancer cell lines that senescence-like terminal growth arrest is the main form of cell death caused by ionizing radiation and can be utilized as an index of cancer therapy. Bromfield et al. (7) showed that not apoptosis, but long-term proliferative arrest associated with induction of senescence-like phenotype (SLP) relates to clonogenic radiation cell killing in prostate cancer cells.
Radiotherapy is widely used for treatment of different forms of thyroid cancer. In cases of well-differentiated thyroid carcinomas, thyroidectomy can be followed by radioiodine ( 131 I) ablation. However, approximately 30% of the tumors can dedifferentiate, lose their ability to retain radioactive iodine, and a proportion of them may finally develop into highly malignant anaplastic thyroid carcinomas with mean survival time of less than 8 months after being diagnosed (8) . These tumors are inaccessible to standard therapeutic procedures such as radioiodine therapy and thyrotropin suppression. At the present time, to achieve longterm survival of patients with poorly differentiated thyroid carcinomas, external beam radiotherapy is one of the treatment modes along with local surgical control and chemotherapy (9) . In spite of wide usage of radiotherapy for thyroid cancer treatment, mechanisms of IR-induced cell death in thyroid cancer are not well defined. Furthermore, until now it is not clear whether IR can induce SLP and terminal growth arrest in thyroid follicular cells and tumors derived from thyroid epithelium. Therefore, the aim of the present study was to evaluate whether IR induced SLP associated with terminal growth arrest in the thyroid cancer and normal cells, and if so, to evaluate whether induction of SLP could be associated with thyroid cancer cell radiosensitivity.
Materials and Methods
Cell culture
In this study, we used human anaplastic thyroid carcinoma cell lines KTC-2 and ARO and papillary carcinoma cell lines NPA and TPC-1. ARO and NPA cell lines were kindly provided by Dr. G. Julliard (University of California, Los Angeles, CA). Another papillary thyroid cancer cell line, TPC-1, and anaplastic carcinoma cell line, KTC-2, were kindly provided by Dr. Sato (Cancer Institute, Kanazawa University, Kanazawa City, Japan) and Dr. Kurebayashi (Kawasaki Medical School, Kawasaki, Japan). Cells were cultured in RPMI-1640 medium supplemented with 5% fetal bovine serum at 37°C in a humidified atmosphere with 5% CO 2 . Primary human thyroid cell cultures were established as described previously (10) and maintained in a 2:1 mixture of F-12 nutrient mixture and Dulbecco's modified Eagle's medium (DMEM) supplemented with 3% fetal bovine serum and penicillin-streptomycin (all reagents from Invitrogen/Life Technologies, Inc., Paisley, UK).
Cell growth assays
The kinetics of cell growth were examined using a cytometer as follows. TPC-1 and ARO cells were seeded at a density of 1 or 2 ϫ 10 5 cells per well, respectively, in 6-well culture plates. Twelve hours later (day 0), they were irradiated with 10 Gy and then counted on days 0, 2, 3, 4, and 5. The experiments were performed at least two times with six replicates for each point.
Clonogenic assay
Clonogenic assays were performed using standard techniques as described elsewhere (11) . Plates were irradiated at room temperature over the dose range 0-10 Gy using EXS-300 X-irradiator (Toshiba, Tokyo, Japan; 200 kV, 15 mA, 0.83 Gy/min). After 8-10 days of incubation, the cells were stained with 0.5% crystal violet in absolute ethanol, and colonies with more than 50 cells were counted. Clonogenic survival curves were constructed from at least three independent experiments by fitting the average survival levels to linear-quadratic model after correction for plating efficiency of control cells. Radiation sensitivity is expressed in terms of mean inactivation dose (MID), which represents the area under the cell survival curve (12) and SF5 (fraction of cells surviving exposure to 5 Gy).
PKH-2 flow cytometry assay
Induction of senescence in cell cultures is associated with permanent cell cycle arrest (13) . To determine irreversibly arrested cell populations, the PKH-2 fluorescent dye was utilized as described by Chang et al. (2) . Induction of senescence in cell cultures is associated with permanent cell cycle arrest (13) . To determine irreversibly arrested cell populations, the PKH-2 fluorescent dye was utilized, as it has been described by Chang et al. (2) . The fluorescent dye PKH-2 is distributed throughout the cellular membrane and is divided evenly amongst subsequent progeny based on division of equal volumes of membrane at cell division. Decrease in total membrane fluorescence within a proliferating population represents (multiple) rounds of cell division. Analysis of cell population for relative fluorescence (PKH-2 parameter) allows distinguishing nonproliferating fraction. Simultaneous analysis of cell population for relative fluorescence (PKH-2 parameter) and side-scatter (side-scatter [SSC] parameter characterizes cells granularity that usually associates with senescent phenotype) allows to measure senescent-like populations (2,7). Briefly, 10 7 cells were trypsinized and labeled with PKH-2 (Sigma Chemical Co., Tokyo, Japan), according to the manufacturer's protocol. Cells were plated at 1 ϫ 10 5 per 10-cm plate, treated according to the protocol, and PKH-2 fluorescence was measured after trypsinization cells using a FACStar flow cytometer (BD Biosciences).
Senescence-associated ␤-galactosidase staining
The ␤-galactosidase (SA-␤-Gal) activity assay at pH 6.0 has been considered specific for senescent cells (13) . After experimental treatment, adherent cells or frozen tissue sections were fixed with 2% formaldehyde, washed with phosphatebuffered saline (PBS) and assayed for SA-␤-Gal activity using X-Gal (5-bromo-4-chloro-3-indolyl ␤-D-galactosidase) at pH 6.0 as described (13) . SA-␤-Gal-positive cells were detected by bright-field microscopy. The percentages of cells in different categories (stained and unstained) were determined after scoring 200-400 cells for each sample. The slope of SA-␤-Gal frequency dose-response regression line (Fig.  1B ) was used as an estimate of the SA-␤-Gal induction capacity (SA-␤-Gal index). SLP5 index was expressed as a ratio of percents of SA-␤-Gal-positive cells in irradiated with 5Gy versus control nonradiated plates.
5-Bromodeoxyuridine labeling with consequent SA-␤-Gal staining
Permanent growth arrest and failure to enter into S-phase under optimal growth conditions allow distinguishing senescent cells from quiescent ones. Therefore, senescent cells can be identified in culture by the lack of DNA synthesis by means of 5-bromodeoxyuridine (BrdU) assay as described elsewhere (13) . For double staining, cells were cultured in the medium in the presence of 10 M of BrdU for 4 hours, then washed and stained for SA-␤-Gal activity as described above. Consequently, slides were washed in PBS and stained with anti-BrdU-Ab using In Situ Cell Proliferation Kit, Fluos (Roche, Germany) or anti-TgAb (Dako, Japan, dilution 1:100), using standard techniques and counterstained with 4Ј,6-diamino-2-phenylindole dihydrochloride (DAPI).
Mouse xenograft model
All mice were maintained at the Nagasaki University animal facility (Nagasaki, Japan), and all animal experiments described in this study were conducted in accordance with the principles and procedures outlined in the Guide for the Care and Use of Laboratory Animals of Nagasaki University School of Medicine. Five million ARO cells suspended in RPMI-1640 were injected subcutaneously into the left flank of 8-week-old male BALB/c v/v mice (Charles River Laboratories, Inc., Tokyo, Japan). Tumor volumes were calculated according to the formula: a 2 ϫ b ϫ 0.4, where a is the smallest diameter, and b is the diameter perpendicular to a. After the tumors had reached at least 200 mm 3 , the mice were randomly assigned to experimental or control groups, five animals per group. The left flank of mice from IR-treated groups was exposed to 10 Gy x-ray. Tumors were excised 7 and 30 days after IR exposure. Frozen sections (5-7 m thick) from the control and treated tumors were fixed with 3% formaldehyde for 5 minutes, washed in PBS and stained with X-Gal at pH 6.0 for 24 hours at 37°C. To visualize the tumor architecture, the slides were counterstained with neutral fast red. The percentage of SA-␤-Gal-positive cells was assessed in the tumor areas by counting at least 1000 cells.
Statistical analysis
Data are presented as the mean Ϯ standard deviation (SD) unless otherwise specified. The t test and Mann-Whitney U test were used for comparisons between two groups for parametric and nonparametric data, respectively. p ϭ 0.05 is considered statistically significant.
Results
IR induces SA-␤-Gal activity in thyroid cell lines
Cells entered the state of replicative senescence become large, flat, and more granular in appearance and also positively stain for SA-␤-Galactosidase activity detected at pH 6.0 (13) . Similar changes could be observed in phenotypes of normal and cancer cells exposed to different DNA damaging agents, such as IR, H 2 O 2 , etc. (2) . We asked whether senescence-like changes could be found in thyroid cancer cell lines and primary thyrocytes after IR exposure. As shown in Fig. 1A , thyroid cell lines derived from low differentiated papillary and anaplastic thyroid carcinomas exhibited typical features of senescence-like phenotype 120 hours after 10 Gy exposure. Induction of SA-␤-Gal activity was mostly observed in large cells with increased granularity and flattened shape. The intensity of cellular staining for SA-␤-Gal increased in a dose (Fig. 1B) and time-dependent manner during 5 days after irradiation (data not shown). The highest and lowest percentages of SA-␤-Gal-positive cells among those that survived after the same dose of IR were observed in TPC-1 and ARO cells, respectively.
We also detected that IR induced SA-␤-Gal activity in the primary culture of thyroid follicular cells. In order to confirm that SA-␤-Gal activity was observed in thyroid follicular cells but not in fibroblasts or other cells, which usually 
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Ȩ contaminate primary culture, we performed additional immunostaining of SA-␤-Gal-stained cells with anti-Tg antibodies (Fig. 1C ). Significant portion of irradiated thyroid follicular cells (Tg-positively stained cells) were SA-␤-Gal positive. The amount of SA-␤-Gal-positive thyrocytes increased in dose-(0 Gy: 8% ϩ 2.1%, 2.5 Gy: 16.4% ϩ 4.1%, 5 Gy: 36.2% ϩ 6.7%, 10 Gy: 68% ϩ 10.1% on day 5 after IR exposure) and time-dependent manner (data not shown).
Significant proportion of SA-␤-Gal-positive cells undergo mitotic catastrophe
It is well documented that multinucleated cells appear after IR exposure in tumors of different origin in vitro and in vivo (15) and represent cells in the state of mitotic catastrophe. We observed that 68% Ϯ 9.4% of SA-␤-Gal-positive ARO cells contained multiply nuclei, but only 21% Ϯ 6.1% of SA-␤-Gal positive ARO cells were mononuclear (p Ͻ 0.05). In TPC-1 cell line SA-␤-Gal-positive cells were distributed nearly equally ( Fig. 2A and 2B ) between multinuclear and mononuclear fractions 5 days after IR exposure (60% Ϯ 11.2% vs. 42% Ϯ 10.5%, respectively, p Ͼ 0.05).
Induction of SA-␤-Gal activity relationship to restricted proliferative potential of irradiated thyroid cancer cell lines
To study whether IR-induced SLP cells have reduced proliferative capacity, we stained preirradiated viable cells with lipophilic fluorescent dye PKH-2, which incorporates into plasma membrane and is evenly divided between daughter cells during consequent duplications, allowing one to discriminate populations with high-and low-proliferative potential.
Cell growth curves and fluorescence-activated cell sorter analysis (FACS) analysis showed that irradiated ARO cells after a 48-hour delay resumed growing, although with an altered kinetics compared to untreated cells, and approximately 10-15% of cells failed to divide at least once after IR exposure (Fig. 3A and 3B) .
Irradiation of TPC-1 cells inhibited proliferation and induced decrease in cell numbers 72 hours after 10 Gy, which then remained nearly unchanged at 96 hours and 120 hours points of observation (Fig. 3A) . FACS analysis demonstrated that more then 99% of total population of TPC-1 cells virtually did not divide after IR exposure (Fig. 3B) .
Chang et al. (2) have shown that growth-retarded cells with high PKH-2 fluorescence exhibit elevated 90-degree light scatter, reflecting increased cell size and granularity. Such cells also displayed reduced clonogenicity and increased SA-␤-Gal activity. In our experiments, significant fraction of irradiated thyroid cancer cells (Fig. 3C) had elevated 90-degree light scatter (SSC hi ) and reduced proliferative potential (PKH-2 hi ). Then we analyzed whether the size of PKH-2 hi /SSC hi fraction correlates with radiation dose and SA-␤-Gal activity in different thyroid cancer cell lines. PKH-2 hi /SSC hi fraction increased in a dose-dependent manner and correlated well with SA-␤-Gal-positive cell numbers after irradiation in ARO and TPC-1 cell lines (Fig. 3D) . Similar results were obtained for KTC-2 and NPA cells (r ϭ 0.93, p Ͻ 0.001 and r ϭ 0.85, p Ͻ 0.05, respectively, not shown).
To further confirm that SLP cells are terminally arrested, we plated ARO cells irradiated with 10 Gy for colony formation assay. On day 7 we observed that along with large number of single enlarged flattened cells with increased granularity, some cells formed viable colonies. Cells in the plates were pulse labeled with BrdU, and 4 hours later stained for SA-␤-Gal activity and to detect of BrdU-positive cells. As shown in Figure 4A and 4B, most of SA-␤-Gal-positive cells did not incorporate BrdU, as well as percent of SA-␤-Gal-positive cells was significantly higher in the BrdUnegative population.
Analysis of relationship between the number of SA-␤-Gal-positive cells after IR exposure and thyroid cancer cell line radiosensitivity
In order to evaluate extent of radiation-induced SLP as a predictor of thyroid cancer cell radiation response, we analyzed correlation between radiosensitivity and SLP cell numbers. Radiosensitivity of thyroid cancer cell lines varies significantly (Fig. 5A) (Fig. 5B) in which more radioresistant cell lines strongly tended to show lower specific SLP yields (r ϭ Ϫ0.93 and p ϭ 0.068). The SF5 (fraction of cells surviving exposure to 5 Gy) and SLP5 (ratio of percents of SA-␤-Gal-positive cells in irradiated with 5 Gy versus control nonradiated plates) indexes did not correlate significantly in a linear mode (r ϭ Ϫ0.78, p ϭ 0.22), but again displayed a trend similar to that observed between the above parameters (Fig. 5C ).
Senescence-like cells appear in ATC xenotransplants after IR exposure
To evaluate applicability of SA-␤-Gal assay for detection of SLP cells in vivo, we inoculated ARO cells subcutaneously into male athymic mice and allowed to growth until tumors achieved mean volume of 200 mm 3 . Tumors sections were stained for SA-␤-Gal activity 7 and 30 days after 10 Gy exposure. We did not detect SA-␤-Gal staining in control non- 
Discussion
The main goal of this study was to find out whether IR could induce SLP associated with terminal growth arrest (TGA) in thyroid malignant and normal epithelial cells. In the present report, for a first time to our knowledge, we are documenting induction of SLP in a panel of thyroid cancer cell lines and normal thyrocytes after IR. Whereas replicative senescence is a physiologic process typical for normal human cells (mostly for terminally differentiated), stress-induced senescence, like apoptosis, has been proposed to be a programmed response to protect tissue from a potentially carcinogenic damage (16) . Furthermore, stress-induced senescence could be induced not only in normal but also in malignant cells. Despite different mechanisms underlying replicative and stress-induced senescence, these two forms of cell reaction share common phenotypical markers: enlarged and flattened morphology, increased granularity, expression of SA-␤-Gal associated with permanent cell cycle arrest. ␤-Galactosidase belongs to a group of lysosomal enzymes and its activity at pH 6.0 has been associated with disintegration of specific glycoproteins and glycolypids (17) . We observed that radiation can induce SA-␤-Gal activity in normal thyrocytes and thyroid cancer cell lines ARO, KTC-2, NPA, and TPC-1 in a time-and dose-dependent manner. Chang et al. (2) has shown that SA-␤-Gal-positive cells are characterized by restricted proliferative potential, increased granularity, and inability to form viable colonies. We also observed that there was a strong correlation between the proportion of SA-␤-Gal-positive cells and enlarged cell numbers with limited proliferative potential detected by means of PKH-2 assay. Moreover, we found that most of SA-␤-Gal-positive cells were unable to synthesize DNA de novo by means of BrdU assay. Thus, we suppose that SA-␤-Gal assay can rather selectively detect cells in the state of terminal growth arrest, in contrast to a recent report demonstrating SA-␤-Gal activity is not an absolutely specific marker of senescence in prostate epithelial cell lines (3).
Significant portion of SA-␤-Gal-positive ARO and TPC-1 cells were in the state of mitotic catastrophe, indicating that radiation-induced senescent phenotype can be associated with both delayed and immediate terminal growth arrest, as it was shown previously for HCT1080 and HCT116 fibrosarcoma cell lines, respectively (2) .
We observed that on day 5 after IR exposure numbers of SA-␤-Gal-positive cells significantly varied between cell lines. We therefore raised the question whether such differences could reflect outcome of exposure, for example, ability of cells to repopulate after DNA damage. For this purpose we evaluated radiosensitivity in a panel of thyroid cancer lines by means of standard colony formation assay and plotted MID and SF5 indexes versus specific SA-␤-Gal and SLP5 indexes, respectively. We observed that more radioresistant cells strongly tended to show lower specific SA-␤-Gal index and results of correlation analysis between SF5 and SLP5 revealed similar trend.
The credibility of the assay estimating the radiation sensitivity would be greatly enhanced if the biologic relation- ship between SA-␤-Gal index and radiation-induced clonogenic cell death and repopulation could be traced in details.
As it has been previously demonstrated, rapid repopulation is an important factor of tumor radioresistance (18) . According to our results, specific SA-␤-Gal index rather associates with the ratio between nonproliferating and potentially proliferating cell fractions in the irradiated cultures. In this way, SA-␤-Gal index may characterize an ability of cells to repopulate after IR exposure.
On the other hand, induction of TGA associated with SLP plays important role in elimination of clonogenic populations (7) . As seen in Figures 3A and 3B , approximately 50% of TPC-1 cells irradiated with 10 Gy survived more than 5 days, but viable clones were derived from only 2% of this population. Schmitt et al. (19) demonstrated that mice bearing the tumors capable to develop drug-induced senescence have much better prognosis following chemotherapy than those harboring tumors with senescence defects. Our observations are in the line with this report showing a correlation between high specific SLP index and cell line radiosensitivity.
Broad range of thyroid cancer cell radiosensitivity highlight the need for searching of rapid and predictive assays to evaluate radiation response which could be clinically applicable. Our data demonstrate that SA-␤-Gal positively stained cells are detectable in irradiated ARO xenografts, but not in control nonirradiated tumors. Further study is underway to demonstrate whether detection of SA-␤-Gal activity in vivo will correlate with radiosensitivity in the same manner, as we observed in vitro.
As we already observed, IR also induced SA-␤-Gal activity in normal thyrocytes in time-and dose-dependent manner. Krtolica et al. (20) showed that H 2 O 2 -terminally arrested fibroblasts stimulated proliferation of epithelial cells in vitro and in vivo mainly via soluble factors. Therefore, the object of future studies would be evaluation of bystander effect(s) of terminally arrested ATC cells.
In summary, our results demonstrate that IR can induce SLP in normal and malignant thyroid cells. Induction of TGA associated with SLP contributes to the elimination of clonogenic population of thyroid cancer cells after IR and specific SLP index is associated with radiation response in vitro. Further studies are warranted to evaluate exact role of radiation-induced senescence as a factor of thyroid tumor radiosensitivity and carcinogenesis in vivo.
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